Ribozymes are RNA molecules that act as chemical catalysts. In contemporary cells, most known ribozymes carry out phosphoryl transfer reactions. The nucleolytic ribozymes comprise a class of five structurally-distinct species that bring about site-specific cleavage by nucleophilic attack of the 2 0 -O on the adjacent 3 0 -P to form a cyclic 2 0 ,3 0 -phosphate. In general, they will also catalyse the reverse reaction. As a class, all these ribozymes appear to use general acid-base catalysis to accelerate these reactions by about a million-fold. In the Varkud satellite ribozyme, we have shown that the cleavage reaction is catalysed by guanine and adenine nucleobases acting as general base and acid, respectively. The hairpin ribozyme most probably uses a closely similar mechanism. Guanine nucleobases appear to be a common choice of general base, but the general acid is more variable. By contrast, the larger ribozymes such as the self-splicing introns and RNase P act as metalloenzymes.
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RNA CATALYSIS AND CONTEMPORARY RIBOZYMES
Ribozymes are RNA molecules that act as chemical catalysts [1] . In the modern biosphere, the majority of known ribozymes carry out a rather limited range of reactions, mostly involving phosphoryl transfer, notably transesterification or hydrolysis reactions. The discovery that peptidyl transferase is catalysed by the rRNA component of the large ribosomal subunit [2, 3] significantly extends the range of chemistry to include the condensation of an amine with an sp 2 -hybridized carbonyl centre. A greater range of chemical reactions may be catalysed by RNA species selected in the laboratory [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , so that ribozymes catalysing a broader set of reactions may conceivably have existed in the past.
Contemporary ribozymes are used for a variety of biological purposes. The nucleolytic ribozymes bring about the site-specific cleavage of RNA by attack of a 2 0 -hydroxyl group on the adjacent 3 0 -phosphorus (or by the 5 0 -hydroxyl group in the reverse reaction). This is used in the processing of replication intermediates, and in the control of gene expression. Ribonuclease P carries out the processing of tRNA in all domains of life, using a hydrolytic reaction [15, 16] . A number of introns are spliced out autocatalytically by ribozyme action, initiated either by the attack of a 2 0 -hydroxyl group located remotely within the intron (group II introns [17] ), or by an exogenous guanosine molecule (group I introns [18] ). The similarity of the chemistry of mRNA splicing in the spliceosome to that of the group II introns makes it very likely that this too is at least partially RNA catalysed, where snU4/U6 RNA is the ribozyme. Finally, the peptidyl transferase activity of the ribosome catalyses the condensation of amino acids into polypeptides, which is one of the most important reactions of the cell.
In modern biology, most reactions are accelerated by protein enzymes, and it is not hard to see why. The chemical variety of amino acid side chains leads to a wide range of possible catalytic chemistries. Protein enzymes can achieve some extraordinary catalytic rate enhancements. Values of approximately 10
18
-fold are known. RNA catalysts tend to produce more modest rate enhancements. For example, the nucleolytic ribozymes typically accelerate their transesterification reactions by around a million-fold relative to the uncatalysed reaction in a dinucleotide, with resulting rates of around 1 min
21
. For those ribozymes, this may be as fast as it needs to be, so that there is little evolutionary pressure to make them faster. Redesign of some ribozymes has resulted in quite respectable rates of greater than or equal to 10 s 21 [19, 20] . Protein structure is based on an electrically neutral backbone, with side chains that introduce a broad range of chemistries, including carboxylic acids, amines, hydroxyl and thiol groups as well as hydrophobic side chains that may be either aliphatic or aromatic. In contrast, RNA comprises four nucleotide bases of similar chemical nature, connected by an electrically-charged ribose-phosphate backbone. So what resources can RNA bring to catalytic chemistry?
First, RNA might exploit its structure. Substrate binding can result in acceleration of reaction rate owing to proximity and orientation, together with structural stabilization of the transition state.
Second, as a polyelectrolyte, RNA can create specific metal ion-binding sites, or pockets that have a high occupancy of atmospherically bound ions. Metal ions can activate nucleophiles, or provide electrostatic stabilization of negative charge such as a phosphorane transition state. Water molecules contained within the inner sphere of coordination can, in principle, participate in general acid-base catalysis.
Third, the nucleobases could participate directly in the catalytic chemistry in a variety of ways. They have hydrogen bond donors and acceptors that can be used to bind the substrate, and potentially to stabilize a transition state. They could also act as general acids and bases, although at first sight their pK a values are not ideally suited to this role at neutral pH values. Adenine N1 and cytosine N3 have low pK a values, whereas those of guanine N1 and uracil N3 are relatively high. To take one example, cytosine (pK a approx. 4) is a relatively strong acid, but only one molecule in 1000 is protonated at neutral pH. Thus, most ribozymes will be in the wrong form to carry out a protonation (having no proton to donate). The great majority of molecules are in the deprotonated form and able to act as a general base, but the conjugate base of a strong acid will be rather unreactive. However, the situation can be improved because nearby anionic phosphate groups may raise the pK a significantly, and values of 5.5 -6.5 are quite possible [21, 22] making the nucleobase more available as an acid. Similarly, the pK a of guanine might be reduced if it is located close to a bound metal ion, thereby making it basic at a lower pH.
HOW TO CATALYSE PHOSPHORYL TRANSFER REACTIONS-SOME INDICATIONS FROM PROTEIN ENZYMES
Do contemporary protein-based enzymes provide some indications as to how phosphoryl transfer reactions might be catalysed by RNA molecules? Such an analysis suggests two alternative ways in which these reactions can be accelerated.
One solution to the problem is provided by pancreatic ribonuclease A, which brings about cleavage of the RNA backbone via the formation of a cyclic 2 0 ,3 0 -phosphate equivalent to the nucleolytic ribozymes [23] [24] [25] . It uses the imidazole side chains of two histidine residues in general acid-base catalysis, and a lysine side chain to stabilize the phosphorane transition state. Imidazole is well suited to its role, as it has a pK a close to neutrality. The problem for RNA is that there is no equivalent to histidine (although this has been engineered as an experimental tool [26] [27] [28] ). The nucleobases are aromatic heterocyclic bases, but as discussed above, their pK a values are normally at least two to three units removed from neutrality.
A second way in which enzymes catalyse phosphoryl transfer reactions is to use bound metal ions. Many polymerases, nucleases, transposases and phospholipases employ variations of a two metal ion mechanism [29] , in which one ion activates the nucleophile, while the other acts as Lewis acid to labilize the oxyanion leaving group. Steitz & Steitz [30] made an early prediction that the self-splicing introns of group I and II would operate via two metal ion mechanisms. Clearly, the polyelectrolyte character of RNA makes the coordination of metal ions at specific sites quite feasible.
General acid-base catalysis could operate in parallel with a role for metal ions, for which there are precedents among the protein enzymes [31] . This is quite probable for the nucleolytic ribozymes.
GENERAL ACID -BASE CATALYSIS IN THE NUCLEOLYTIC RIBOZYMES
The nucleolytic ribozymes [1] are a class of five known species that bring about site-specific cleavage of RNA by attack of the 2 0 -O on its adjacent 3 0 -P to generate a cyclic 2 0 ,3 0 -phosphate and a 5 0 -O (figure 1a). In general, they will also catalyse the reverse (ligation) reaction. The reactions follow an S N 2 mechanism, with inversion of configuration at the phosphate, and are accelerated by at least 10 5 -fold when catalysed by the ribozymes. They are the smallest of the ribozymes, of around 70 -150 nt in size.
The Varkud satellite (VS) ribozyme [32] is the largest of the nucleolytic ribozymes, and the only one for which there is no crystal structure at present. However, we have used data from small-angle X-ray scattering (SAXS) in solution to propose a model for the complete ribozyme [33] that is broadly in agreement with the earlier studies [34, 35] . A trans-acting core of the ribozyme can be released, formed by five helices connected by two three-way junctions. Cleavage and ligation reactions occur within the internal loop-a stem-loop structure that docks into the trans-acting ribozyme. Two key candidate nucleotides important in catalysis have been identified. These are A756 in the body of the ribozyme [26, [36] [37] [38] [39] , and G638 within the internal loop of the substrate stemloop [40] . Substitution of either nucleotide leads to an impairment of activity by 10 3 -to 10 4 -fold. The combined action of these two nucleotides was demonstrated by complementation experiments in mixtures of cis-acting VS ribozymes [41] .
Kinetic isotope effects in the fast, cis-acting form show that proton transfer occurs in the transition state of the cleavage reaction [42] . Present evidence points strongly towards general acid-base catalysis by the nucleobases of A756 and G638. In particular, the pH dependence of the cleavage reaction rate is bell-shaped, corresponding to apparent pK a values of 5.2 and 8.4 [40] , and a closely similar bell-shaped pH dependence with pK a values of 5.8 and 8.3 was also observed using the fast-cleaving cis-acting form of the ribozyme [42] . Nucleotide substitution experiments have consistently shown a correlation between the pK a of the nucleobase at position 638 and the observed pK a of the cleavage reaction. 5 0 -Phosphorothiolate substitution (5 0 -PS) experiments indicate that A756 is the general acid in the cleavage reaction. While the cleavage activity of VS A756G was impaired 1000-fold on the oxy (5 0 -PO) substrate, activity was completely restored for the 5 0 -PS-containing substrate [43] . Thus, cleavage of the 5 0 -PS substrate is insensitive to substitution at position 756, and therefore A756 is likely to be the general acid for the cleavage reaction. The pH dependence of cleavage reactions on 5 0 -PS substrates was completely consistent with a sole requirement for the nucleobase at position 638, acting as general base in the cleavage reaction. Thus, all the available data are consistent with a catalytic mechanism for the cleavage reaction in which G638
Review. Catalytic mechanisms of ribozymes D. M. J. Lilley 2911 acts as general base to deprotonate the 2 0 -O nucleophile, and A756 is the general acid protonating the 5 0 -oxyanion leaving group. Of course, by the principle of microscopic reversibility, in the ligation reaction, protonated G638 should act as the general acid protonating the 2 0 -oxyanion leaving group, and unprotonated A756 as the general base deprotonating the 5 0 -O nucleophile that attacks the cyclic phosphate. It is very likely that the VS and hairpin ribozymes are mechanistically closely similar. Although the global architecture of the two ribozymes is quite different, both their active sites appear to be generated by loop -loop interaction, and in both cases an active guanine lies on the opposing strand of the internal loop harbouring the scissile phosphate, whereas an active adenine is provided by the second loop [43, 44] . Indeed, if we draw the secondary structures of the two ribozymes to include the loop -loop interactions, then it becomes clear that the polarity of the strands and the relative positioning of the adenine, guanine and sissile phosphate are the same in both cases. In the crystal structure of the hairpin ribozyme [45] , the positions of G8 and A38 are consistent with roles of base and acid, respectively, in the cleavage reaction, corresponding to the proposed functions of G638 and A756 in the VS ribozyme. This suggests a fundamental similarity between the active sites of the two ribozymes, perhaps reflecting a deeper similarity in catalytic mechanism [46] . Although there is a degree of confusion in the literature concerning the mechanism of the hairpin ribozyme, all the available experimental data are consistent with the general acid-base catalysis by G8 and A38, as we have critically assessed recently [46] . Furthermore, we are not aware of any data that are inconsistent with this mechanism for either ribozyme, summarized in figure 2.
It seems at this time that all the nucleolytic ribozymes employ general acid -base catalysis to derive their main rate enhancement. Guanine nucleobases appear to be candidates for the role of general base in cleavage reactions catalysed by the hammerhead [47, 48] and GlmS [49 -51] ribozymes. On the basis of the most recent crystal structure, the hammerhead ribozyme has been proposed to use a 2 0 -hydroxyl group as the general acid in cleavage reaction [52] , but there are no chemical data to support this suggestion at present. The GlmS ribozyme is also a riboswitch, operating with exogenous glucosamine-6-phosphate as its small-molecule effector. Most interestingly, it turns out that the glucosamine-6-phosphate is actually a coenzyme, its amine acting as the general acid in cleavage reaction [51, 53] . This sets an intriguing precedent for the extension of catalytic activity by ribozymes. As noted above, the range of functional groups available to RNA is severely limited, especially when compared with proteins. However, if that can be augmented by the recruitment of other small molecules that are selectively bound to RNA, then this could greatly widen the range of chemistry available to RNA. The riboswitches [54] and laboratory-selected aptamers [55] [56] [57] show how selectively and tightly small molecules can bind to RNA, and one can readily speculate on how amino acids and peptides bound to RNA might have been an important step towards the protein-based metabolism of current biology. The hepatitis delta virus ribozyme is something of an outlier. It is a eukaryotic species, originally viral and now detected in the human genome [58] . Unlike the other nucleolytic ribozymes, it uses a Mg 2þ ion to activate the nucleophile, either as general base or Lewis acid [59, 60] , and a cytosine nucleobase as general acid [59, [61] [62] [63] . This is the only nucleolytic ribozyme that employs a site-bound metal ion. The other members of this class are active in high concentrations of monovalent metal ions [64] , so that the direct participation of a site-bound metal ion as a Lewis acid, or in general acid-base catalysis, is not probable. An electrostatic role of non-site-bound metal ions, however, remains possible in the stabilization of the active site.
We may ask how efficient is nucleobase-mediated general acid -base catalysis in the ribozymes? The fastest observed rate of cleavage for the VS ribozyme acting in trans is approximately 12 min
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, but the intrinsic rate (k cat ) is much higher than that because the observed rate (k obs ) will be limited by the small fraction of ribozyme molecules that have a protonated A756 (i.e. f A ) and a deprotonated G638 ( f B ), i.e.
We can calculate f A f B from the measured pK a values for A756 and G638 [40] to be 3.8 Â 10
24
, and hence k cat is approximately 520 s
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. Collins and co-workers have engineered even faster forms of the cis ribozyme [20] , so the value we calculate for k cat is likely to be a lower limit. Using two histidine side chains as general acid and base, pancreatic ribonuclease carries out the same cleavage of a phosphodiester linkage in RNA with an observed rate of 1400 s 21 [65] . Given the pK a for acid and base of 6.2 and 5.8, respectively [66] , the maximum k cat is approximately 3700 s
. Thus, the rate of cleavage by VS ribozyme molecules that are in the correct ionization state is comparable with that of RNase A. The principle limitation on the rates of the RNA-catalysed reaction is the unfavourable pK a values of the nucleobases. Ultimately, this would have given polypeptide-based enzymes a powerful evolutionary advantage.
METAL ION CATALYSIS IN THE LARGER RIBOZYMES
In contrast to the nucleolytic ribozymes, most of the larger ribozymes such as RNase P and the self-splicing introns appear to act as metalloenzymes (figure 1b). Two metal ions have been found at the active site of the Azoarcus group I intron ribozyme [67] , and in the putative active site of a group II intron ribozyme [68] . In these structures, metal ions are coordinated by multiple oxygen atoms of the RNA forming inner sphere complexes. Atomic mutagenesis methods in which the activity of specific sulphur or nitrogen substitutions is restored by soft metal ions [69] have rigorously defined the roles of the ions and their ligands [70] in the transition state of the reaction. Analysis of the first step of a group I intron ribozyme has shown the importance of three ions, bound to the 3 0 O and pro-S O of the target phosphate (potentially stabilizing developing negative charge on the 3 0 O leaving group in the transition state), the pro-S O and the 2 0 O of the guanosine (thereby bridging the two reactants), and the 3 0 O of the guanosine (probably activating the nucleophile). No ion was observed bound at the latter site in the Azoarcus ribozyme crystal structure [71] . A similar mechanism could occur in the group II intron ribozymes, and there is chemical evidence that this ribozyme acts as a metalloenzyme [72, 73] . A closely similar chemistry is performed by the spliceosome in eukaryotic cells. Some domains of spliceosomal RNA show sequence similarity with the catalytic domains of the intron, and there is once again chemical evidence for their participation in catalysis [74] . However, recent structural data offer the suggestion that the key protein Prp8 may assist in the splicing reactions. X-ray crystal structures of a domain of Prp8 reveal a structure that is related to RNase H [75, 76] , and a plausible model places the splice site adjacent to the vestigial RNase H active site. However, this possible active site lacks two of the four key cation-binding residues observed in RNase H [77] , and no metal ion binding has been detected [75] ; so it seems unlikely that Prp8 carries out the chemistry unaided. Thus, the spliceosome may be a kind of hybrid RNA -protein enzyme, and perhaps a model of how evolution may have made the transition from the RNA world to the modern protein world.
THE MECHANISM OF PEPTIDYL TRANSFERASE ON THE RIBOSOME
The peptidyltransferase centre of the ribosome accelerates amino acid condensation by 10 7 fold [78] . The reaction contrasts with those of the preceding ribozymes in that the nucleophile is an amine and the target an sp 2 -hybridized carbonyl centre, forming and resolving a tetrahedral intermediate. There are no data supporting metal ion participation, and none has been observed in the active centre by crystallography, so at present it seems that the ribosome is not a metalloenzyme. The reaction is pH-insensitive and neither nucleobases nor metal ions have been shown to be critical for catalysis. However, the key role of the A76 2 0 -hydroxyl of the P site tRNA has been established [79], leading to a proposed mechanism wherein a proton is shuttled from the nucleophile via the 2 0 O to the 3 0 O leaving group [80] (figure 1c). The Brønsted coefficient of the nucleophile is close to zero [81] , consistent with a fully concerted proton shuttle mechanism in which there is simultaneous making and breaking of all bonds, obviating a shift in the pK a of the 2 0 hydroxyl. The ribosome achieves the significant acceleration over the uncatalysed reaction through a favourable change in entropy [78] . While no ribosomal groups directly participate in catalysis, an extensive network of hydrogen bonds serves to position and align the substrates. Furthermore, the ribosome provides a desolvated environment in which the reaction can proceed, shielded from the unfavourable entropic effects of solvent reorganization by the large structure of the ribosome.
CONCLUSION
Most contemporary ribozymes accelerate phosphoryl transfer reactions of various kinds-transesterification, nucleotidyl transfer or hydrolysis reactions. Moreover, in echoes of the protein enzymes, the majority operate either by general acid-base catalysis or as metalloenzymes. All the available evidence points towards the (generally smaller) nucleolytic ribozymes using general acid-base catalysis, whereas the (mostly larger) self-splicing introns and RNase P employ specifically bound metal ions.
The nucleolytic ribozymes often but not exclusively exploit their nucleobases in general acid-base catalysis, and guanine nucleobases are used as the general base in cleavage by four of the five known ribozymes. The acid used is more variable, including adenine (in two cases), cytosine and glucosamine-6-phosphate. General acid -base catalysis is potentially efficient, but severely limited by the pK a values of the nucleobases. There may be rather few solutions to the problem of how to design such an activity in RNA alone. The fact that only five distinct kinds of nucleolytic ribozyme have been discovered (the last of which, GlmS, is already 6 years old [82] ) suggests that we might have discovered all that there are. Indeed, although there are a number of examples of hairpin and hammerhead ribozymes, there has been only a single isolate of the VS ribozyme indicating that it is a very rare species.
While most cellular reactions are catalysed by proteins, just a few ribozymes are present in the modern world. Most of these do not require to turn over, which is perhaps why these roles have not been usurped by protein enzymes. Thus perhaps only the least demanding reactions remain from an RNA world. Might a greater range of RNA-based chemistry have been available in early evolution of life on the planet? In vitro selection of RNA species capable of catalysing reactions such as Michael addition [10] and Diels -Alder cycloaddition [7] suggest this should be the case. However, no trace of these remains in current metabolism. Moreover, structures of in vitro-selected ribozymes where known suggest that they operate in a relatively crude way. The DielsAlder ribozyme essentially puts the two reactants together to promote reaction [83] , which is probably all that is required for this electrocyclic reaction. The structure of a selected RNA ligase reveals no indication of nucleobase involvement in the chemistry [84] , but rather may function as a metalloenzyme. Of course, another limitation of RNA catalysts is the very limited range of functional groups that they can bring to bear on the chemistry. However, the GlmS ribozyme and the group I intron ribozyme show that small molecules (glucosamine-6-phosphate and guanosine, respectively) can be bound to participate in the chemistry. Recruitment of other small molecules could easily be envisaged, thus rapidly widening the available chemistries, and might have led to a protein enzyme-based metabolism relatively swiftly.
